Although information about the efficacy and safety experience with caspofungin at 50 mg/m 2 daily is available for children and adolescents, the dosing regimen in infants and toddlers 3 to 24 months of age has yet to be established. We studied the pharmacokinetics and safety of caspofungin at 50 mg/m 2 once daily in nine patients 10 to 22 months (median, 13 months) of age with fever and neutropenia who received caspofungin once daily for 2 to 21 (mean, 9.3) days. Plasma caspofungin concentrations were measured by high-performance liquid chromatography assay on days 1 and 4. On day 4, the area under the curve from 0 to 24 h (AUC 0-24 ) was 130.3 g-h/ml, the peak concentration (C 1 ) was 17.2 g/ml, and the trough concentration (C 24 ) was 1.6 g/ml. The day 4 geometric mean ratios (GMRs) and 90% confidence interval (CI) for these parameters in infants/ toddlers relative to adults were 1.26 (1.06, 1.50), 1.83 (1.57, 2.14), and 0.81 (0.64, 1.04), respectively. Relative to children (2 to 11 years of age), the day 4 GMRs (and 90% CI) were 1.13 (0.89, 1.44), 1.10 (0.85, 1.42), and 1.12 (0.72, 1.76), respectively. The harmonic mean elimination phase t 1/2 in infants/toddlers (8.8 h) was reduced ϳ33% relative to adults (13.0 h) but was similar to that in children (8.2 h). Clinical adverse events occurred in seven patients (78%); none were considered drug related. Laboratory adverse events occurred in five patients (56%) and were considered drug related in three (33%). There were no infusion-related events or discontinuations due to toxicity. Caspofungin at 50 mg/m 2 daily was well tolerated in infants and toddlers; the AUC and caspofungin C 24 were generally comparable to those in adults receiving caspofungin at 50 mg daily.
Incidence rates of Candida and Aspergillus infections are increasing in children with hematological malignancies, congenital immune deficiencies, and other childhood medical conditions that require aggressive immunosuppressive or antibiotic therapy (1, 9, 11) . Childhood leukemia and lymphoma and their associated chemotherapy regimens result in prolonged periods of neutropenia that increase the risk of serious fungal infection (21) . The use of hematopoietic stem cell transplantation for the treatment of childhood leukemia and lymphoma has also increased in frequency over the last 2 decades; the profound cytopenia and immunosuppression induced by hematopoietic stem cell transplantation place these children at high risk for fungal infections (5, 10) . Bloodstream infections with Candida are also occurring at increasing rates in other children with similar hospital exposures and risks, such as central venous catheters, broad-spectrum antibiotics, total parenteral nutrition, and immunosuppressive therapy. In particular, younger children (including neonates) have a high risk of invasive infections with Candida parapsilosis (17) .
Caspofungin is a parenteral echinocandin antifungal agent used in adults for the treatment of esophageal candidiasis (20) , invasive candidiasis (6, 14) , and invasive aspergillosis (12) and as empirical therapy against presumed fungal infections (22) . The pharmacokinetics of caspofungin have been evaluated in children and adolescents 2 to 17 years of age (23) , and a dosing regimen using a body surface area (BSA) approach of 50 mg/m 2 daily (maximum, 70 mg) has been established for this pediatric age group. We conducted a multicenter, open-label study to evaluate the safety, tolerability, and pharmacokinetics of the same dosing regimen of caspofungin in infants and toddlers 3 to 24 months of age.
MATERIALS AND METHODS
This was a multicenter, open-label, noncomparative study conducted from May 2004 through July 2006 at five investigator sites in the United States. The protocol was approved by the institutional review board at each study site, and written informed consent was obtained from the legal guardian of each patient before any study procedures were performed. The protocol is registered on http://www.Clinicaltrials.gov (NCT00292071).
Patients. Infants and toddlers between the ages of 3 and 24 months with leukemia, lymphoma, or other cancers; bone marrow or peripheral stem cell transplantation; high-dose chemotherapy; or aplastic anemia were eligible for the study if they had an absolute neutrophil count of Ͻ500/mm 3 (with an anticipated duration of Ն10 days) and at least one recording of fever of Ͼ38.0°C within 72 h of screening. Patients were required to have a functioning central venous catheter in place at screening and to start parenteral systemic antibacterial therapy within 72 h prior to screening or within 24 h after screening. Patients were excluded if they were hemodynamically unstable; if they were taking rifampin (rifampicin), cyclosporine A, phenytoin, carbamazepine, phenobarbital, or concomitant antifungal therapy (other than prophylactic fluconazole); or if they had any of the following conditions: proven or probable invasive fungal infection at the time of enrollment, international normalization ratio of Ͼ1.6 (or Ͼ4.0 if receiving anticoagulants), bilirubin at Ͼ3 times the upper limit of normal for their age, aspartate aminotransferase (AST) or alanine aminotransferase (ALT) at Ͼ3 times the upper limit of normal for their age, acute hepatitis or cirrhosis due to any cause, or documented human immunodeficiency virus infection of any stage.
Study design. All patients received caspofungin at 50 mg/m 2 once daily as a 1-h intravenous infusion, with a daily maximum dose of 70 mg. Caspofungin was administered daily until the patient recovered from the neutropenic episode (neutropenia resolution for this study was defined as an absolute neutrophil count [ANC] of Ն250/mm 3 ). However, if the patient remained febrile and neutropenic after 4 days of therapy or developed a proven or probable breakthrough invasive fungal infection (according to criteria established in 2002 by the joint committee of the European Organization of Research and Treatment of Cancer and the Mycosis Study Group) (3), caspofungin was to be discontinued and an intravenous formulation of amphotericin B was to be administered. The expected minimum duration of caspofungin study therapy was 4 days, and the maximum duration was 28 days. Patients who received less than 4 days of caspofungin were not counted toward the final enrollment number.
Plasma samples were collected on days 1 and 4 at the following times: immediately predose; upon completion of the 1-h infusion; and at 2, 4, 8, 12 , and 24 h after initiation of study drug infusion. A minimum of 1.0 ml of blood was collected at each time point. Trough (C 24 ) samples were also collected 24 h after the start of infusion, just prior to the next day's dose, on days 7, 14, and 28 in patients who were still receiving caspofungin. For patients with a double-lumen central line, pharmacokinetic samples were to be collected from the lumen not used for caspofungin infusion. For patients with a single-lumen central line or peripherally inserted central catheter, all samples were to be drawn from a peripheral intravenous line inserted at the time of enrollment.
Pharmacokinetic methods. Plasma samples were analyzed for caspofungin concentration by high-performance liquid chromatography with fluorescence detection, as previously described (4). The assay accuracy was within 1.7% of nominal, and the precision was a 5.7% coefficient of variation or better for all standards. The limit of quantitation was 125 ng/ml. Actual sampling times, as recorded by the investigator, were used for calculation of half-lives (t 1/2 ) and area under the curve (AUC). Sampling time criteria were used to define acceptable deviations from the nominal time for end-of-infusion (peak[C 1 ]) and C 24 sampling. For C 1 , a sampling window from 20 min prior to 30 min after the end of infusion was used. For C 24 , a sampling window from 3 h prior to 3 h after the 24-h-postdose time point was used. Caspofungin pharmacokinetics were characterized using noncompartmental methods, consistent with approaches taken for previously studied older children (23) and adults (2, 8, 19) .
AUC 0-24 and CL. The AUC from 0 to 24 h (AUC 0-24 ) was calculated by the linear-log trapezoidal method. For concentration-time profiles with missing values, an AUC was estimated only if the following time points were available: 1 h, 2 h, 4 or 8 h, and 0 or 24 h. For day 1 profiles, a 24-h value was required for determination of the AUC. Estimates of clearance (CL) were determined as the quotients of dose and the day 1 AUC values from 0 h to infinity (AUC 0-ϱ ), where the AUC 24-ϱ was extrapolated as the C 24 /elimination phase (␤) rate constant.
C 1 and C 24 . The C 1 on days 1 and 4 was derived from the observed concentration in plasma immediately following the completion of the first and fourth caspofungin infusions, respectively. The C 24 value on day 1 was derived from the observed concentration at 24 h following the first caspofungin infusion (and prior to the caspofungin infusion on day 2). For C 24 measurements after day 1, the geometric mean of all values obtained during the time interval from days 3 to 14 was calculated to allow comparison to similar time-averaged parameters from other pharmacokinetic studies. t 1/2 . Although profile data are only available over 24 h in this study, an estimate of the ␤ rate constant was calculated by linear regression of the natural logtransformed plasma concentration data at 8, 12, and 24 h as implemented in WinNonLin software (Pharsight, Mountain View, CA). t 1/2 (␤-phase) was computed as the quotient of ln(2) and the rate constant. No t 1/2 estimates were made for profiles that did not have data at all three points. For t 1/2 measurements after day 1, the day 3 to 14 time-averaged t 1/2 was calculated as the harmonic mean, and the time-averaged ␤-rate constant was calculated as the arithmetic mean of all values obtained during the time interval. If only one value was available, that value was used as the mean.
Statistical methods. The pharmacokinetic parameters (AUC 0-24 , C 1 , C 24 , CL, and t 1/2 ) obtained from the pediatric patients enrolled in this study were compared to similar parameters from adult patients who received caspofungin at 50 or 70 mg daily, corresponding to a BSA dose of ϳ28 mg/m 2 or ϳ40 mg/m 2 , respectively, for an average-size adult (2, 8, 19) , and to those from children (2 to 11 years of age) and adolescents (12 to 17 years of age) who received caspofungin at 50 mg/m 2 daily (maximum, 70 mg daily) for new-onset fever and neutropenia (23) . The primary pharmacokinetic hypothesis, which compared the day 1 AUC 0-24 in infants/toddlers receiving 50 mg/m 2 daily to the day 1 AUC 0-24 in adults receiving 50 mg daily, was addressed by calculating a 90% confidence interval (CI) for the day 1 AUC 0-24 ratio of geometric means in infants/toddlers receiving caspofungin at 50 mg/m 2 once daily relative to adults receiving caspofungin at 50 mg once daily. If the 90% CI for the AUC ratio was within the interval (0.7, 1.5), the hypothesis of similarity was supported.
The day 1 AUC 0-24 data were natural-log transformed. A 90% CI for the difference in day 1 log AUC 0-24 means was calculated using the mean square error (MSE) from the analysis of variance and referencing a t distribution. These limits were exponentiated to obtain the 90% CI for the ratio of day 1 AUC 0-24 geometric means. Similar methods were used to compare the day 1 AUC 0-24 in infants/toddlers receiving 50 mg/m 2 daily to the day 1 AUC 0-24 in adults receiving 70 mg daily. Assuming that the variability in day 1 AUCs in these infants/ toddlers was similar to that seen in adults, the MSE for log AUC obtained from an analysis of variance having a factor for dose was calculated to be 0.0556 (log) g ⅐ h/ml. Assuming an MSE for log AUC 0-24 of 0.0556 (log scale), a two-tailed test, and an ␣ of 0.025, the probability was 97.8% that the 90% CI for the ratio of day 1 AUC 0-24 geometric means (infants/toddlers at 50 mg/m 2 daily to adults at 50 mg daily [or 70 mg daily]) would lie within the interval (0.7, 1.5) if the true ratio of geometric means was 1.0. Provided that the true GMR was contained in the range of (0.845, 1.184), then the study had at least 80% probability to fall within (0.7, 1.5).
For the analysis of AUC 0-24 (and CL and C 1 ) after multiple dosing, the geometric mean of the AUC 0-24 (or CL or C 1 ) values on day 4 was calculated for infants/toddlers receiving caspofungin at 50 mg/m 2 daily. These data were compared with the time-averaged AUC 0-24 (or CL or C 1 ) values in adults, children, and adolescents in a fashion similar to that of the day 1 analysis. The 90% CIs were calculated for each ratio of geometric means.
For C 24 comparisons, a time-averaged C 24 value for infants/toddlers was calculated as the geometric mean of all C 24 values obtained between days 3 and 14. These data were compared with time-averaged C 24 values in adults, children, and adolescents by constructing the 90% CIs for each ratio of geometric means (as described above).
RESULTS
Nine patients were enrolled in the study, and all received caspofungin at 50 mg/m 2 once daily. Their ages ranged from 10 to 22 months (median, 13 months); four patients were Յ12 months of age, and five were Ͼ12 months of age (Table 1) . Patient weights ranged from 9.4 to 11.9 kg (median, 11.0 kg), and BSAs ranged from 0.45 to 0.53 m 2 (median, 0.49 m 2 ). The most common primary condition was acute myelogenous leukemia (44.4%). Three patients (33.3%) were recipients of cord blood transplants. Most patients (77.8%) entered the study with severe neutropenia (ANC Ͻ 100 cells/mm 3 ). The mean duration of caspofungin therapy was 9.6 days (range, 2 to 21 days). Caspofungin was given for more than 7 days to five patients (55.6%), two of whom received caspofungin for more than 14 days.
Pharmacokinetics. The day 1 AUC 0-24 was higher in the infants/toddlers than in adult historical controls who received caspofungin at 50 mg daily (P Ͻ 0.001), whereas the day 4 AUC 0-24 in infants was similar to the day 3 to 14 AUC 0-24 in these adults (P ϭ 0.033) ( Table 2 ). Statistically significant elevations were noted in C 1 in infants/toddlers relative to adults on day 1 (128% increase; P Ͻ 0.001) and on day 4 (83% increase; P Ͻ 0.001 versus days 3 to 14 in adults). However, the difference in C 24 between the two populations was not significant on day 1 (P ϭ 0.995) or after multiple doses (P ϭ 0.168). A comparison of the mean plasma profiles in infants/toddlers and adults demonstrates that the rate of decline in the mean VOL. 53, 2009 CASPOFUNGIN PHARMACOKINETICS IN INFANTS AND TODDLERSplasma concentration-time profiles during the ␤-phase appeared to be faster in infants/toddlers than in adults (Fig. 1) . Consistent with this observation, reductions in ␤-phase t 1/2 were observed in infants/toddlers relative to adults on day 1 (33% decrease) and after multiple doses (32% decrease). The day 1 AUC 0-24 in infants/toddlers was significantly higher than in adults receiving caspofungin at 70 mg daily (Table 2) for the treatment of esophageal and/or oropharyngeal candidiasis (24% increase; P ϭ 0.033). However, the day 4 AUC 0-24 in infants/toddlers was not significantly different from the day 3 to 14 AUC 0-24 in these adults (P ϭ 0.128). C 1 was significantly higher in the infants/toddlers than in the adults on day 1 (74% increase; P Ͻ 0.001) and after multiple doses (29% increase; P Ͻ 0.001).
Slightly higher AUC 0-24 , C 1 , and C 24 values were noted in infants/toddlers than in children 2 to 11 years of age (Table 3) , but none of these differences were statistically significant (P Ͼ 0.2). The mean plasma profile for caspofungin in infants/toddlers is generally similar to the profile obtained from children ( Fig. 1) . The shapes of the mean plasma concentration-time profiles in children and infants/toddlers appeared similar, and similar ␤-phase t 1/2 values were found in the two groups. Compared with adolescents (Table 3 ), infants/toddlers had similar values for AUC 0-24 , C 1 , and C 24 following multiple doses, but they had significantly higher values for AUC 0-24 (55%; P ϭ 0.049) and C 1 (95%; P Ͻ 0.001) on day 1. This result is consistent with infants and toddlers exhibiting less caspofungin accumulation ( Table 2 , compare day 1 and day 4 values) than adolescents and adults, which is not unexpected given their shorter t 1/2 . Reductions in ␤-phase t 1/2 were also observed in infants/toddlers relative to adolescents (26% decrease on day 1 and 21% decrease after multiple doses).
The individual pharmacokinetic-parameter values, including clearance values, demonstrate low variation in caspofungin pharmacokinetics among the infants/toddlers ( Table 4 ). The variation in pharmacokinetics by patient age and weight was also examined in the infants by calculating the slope (␤ 1 ) of the relationship between the covariate (i.e., age or weight) and the The day 4 AUC 0-24 , C 1 , and ␤-phase t 1/2 for infants/toddlers were compared to day 3 to 14 time-averaged AUC 0-24 , C 1 , and ␤-phase t 1/2 for adult controls. The day 3 to 14 time-averaged C 24 for infants/toddlers were compared to the day 3 to 14 time-averaged C 24 for adult controls.
log-transformed pharmacokinetics. No statistically significant variations with age were identified for the day 1 AUC 0-24, C 1 , or C 24 or for the day 3 to 14 AUC 0-24 or C 1 . However, the day 3 to 14 C 24 of caspofungin showed significant increases with increasing age (P ϭ 0.018). No statistically significant variations with weight were identified for any pharmacokinetic parameters.
Safety. All nine patients treated with caspofungin were included in the safety evaluations. Clinical adverse events occurred in seven patients (78%) and were considered serious in two (22%). One patient died 10 days after completion of caspofungin therapy; the cause of death was cytomegalovirus pneumonia. The most commonly reported clinical adverse events were diarrhea, respiratory distress, and tachypnea, which were reported in two patients (22%) each. None of these events were considered by the investigator to be related to caspofungin or resulted in discontinuation of caspofungin therapy.
Laboratory adverse events occurred in five patients (56%) and were considered drug related in three patients (33%): two with elevations in AST and ALT and one with increased blood glucose levels and decreased uric acid levels. Both patients with increased ALT and AST had elevated hepatic transaminases before caspofungin therapy, and these elevations improved even with continuation of caspofungin. None of the laboratory adverse events were serious or resulted in discontinuation of caspofungin. No infusion-related events were reported during the study. The day 4 AUC 0-24 , C 1 , and ␤-phase t 1/2 for infants/toddlers were compared to day 3 to 14 time-averaged AUC 0-24 , C 1 , and ␤-phase t 1/2 for children ages 2 to 11 years. The day 3 to 14 time-averaged C 24 for infants/toddlers were compared to the day 3 to 14 time-averaged C 24 for children ages 2 to 11 years.
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Although efficacy was not specifically assessed in this study, patients were closely evaluated for the development of breakthrough invasive fungal infections. One (11.1%) of the nine patients developed a possible breakthrough infection. The patient was a 17-month-old female (10.2 kg; 80.0 cm) with pre-B acute lymphoblastic leukemia. Caspofungin at 50 mg/m 2 (daily dose, 23 mg) was given for 2 days but was discontinued due to possible fungal infection of the lung and spleen (based on computed-tomography findings). Microbiological and histopathological data did not confirm a fungal infection: tissue biopsy of the right lung performed on day 8 showed nonspecific changes and was positive only for Enterococcus faecium. This patient would have been classified as having a possible fungal infection based on the revised European Organization of Research and Treatment of Cancer criteria (7), as well as the original criteria (3). The infection continued through the 14-day posttherapy period. This patient achieved a caspofungin AUC 0-24 of 101.7 g/ml ⅐ h and a C 24 of 1.15 g/ml on day 1, which are in the midrange of values observed in this study.
DISCUSSION
This trial represents the first prospective evaluation of caspofungin in pediatric patients between the ages of 3 and 24 months. Patients with known fever (temperature Ͼ 38.0°C) and neutropenia (ANC Ͻ 500 cells/mm 3 ) received caspofungin within 72 h of the onset of fever (at the same time as antibacterial therapy) for 4 to 28 days. A similar study design was used in a previous pharmacokinetic study of children and adolescents; one notable difference was that the prior study evaluated a weight-based dosing regimen (1 mg/kg of body weight/day) and a BSA regimen (50 mg/m 2 /day or 70 mg/m 2 /day) (23) . In that study, the AUC 0-24 was significantly less (46% after multiple doses) in children receiving 1 mg/kg/day than in adults receiving 50 mg/day, whereas caspofungin at 50 mg/m 2 /day provided caspofungin plasma exposures comparable to those achieved in adults treated with 50 mg/day. Therefore, caspofungin BSA dosing (50 mg/m 2 daily; maximum, 70 mg) was chosen for evaluation in the current study.
The pharmacokinetic results in infants/toddlers who received caspofungin at 50 mg/m 2 daily were similar to the historical results from children (2 to 11 years of age) who received the same dosing regimen. The mean concentration-time profiles and the apparent terminal t 1/2 for the two groups were similar. Slightly higher AUC 0-24 , C 1 , and C 24 values were found in infants/toddlers than in children, but none of these differences were statistically significant.
The AUC 0-24 values on day 1 were higher in infants/toddlers who received 50 mg/m 2 daily than in adults who received caspofungin at 50 mg daily or adolescents who received 50 mg/m 2 daily; however, the day 3 to 14 AUC 0-24 values were similar between these groups, and the day 1 AUC 0-24 values in infants/toddlers were less than those seen at steady state in adults given 70 mg daily. It is unlikely that exceeding the adult exposure for the first few days of therapy prior to reaching steady state would be clinically meaningful. Caspofungin clearance, normalized to BSA, was similar in infants/toddlers and in adults and adolescents (23) . Because the apparent terminal t 1/2 in infants/toddlers was ϳ33% shorter than in adults, it is not possible to identify a dose that would provide comparable values for all three parameters (AUC 0-24 , C 1 , and C 24 ). The 50-mg/m 2 dosing regimen in infants/toddlers provides AUC and C 24 values that are similar to those seen in adults.
In addition, the increased C 1 values in infants/toddlers were within the range of caspofungin concentrations measured in adults receiving caspofungin doses higher than 50 mg daily. Peak concentrations in the infants/toddlers were only modestly elevated (29%) relative to those in adults receiving caspofungin at 70 mg daily and were less than those seen in adults receiving caspofungin at 100 mg daily (18) . The day 3 to 14 C 1 of 17.21 g/ml in infants/toddlers receiving 50 mg/m 2 /day was roughly comparable to the values obtained in 35 adults receiving caspofungin at 70 mg/day for the treatment of esophageal and/or oropharyngeal candidiasis (13.32 g/ml) and in 42 healthy subjects receiving caspofungin at 70 mg/day in several phase I studies (14.89 g/ml). The results of this study suggest that steady-state exposure in infants/toddlers receiving caspofungin at 50 mg/m 2 daily is similar to that in adults receiving caspofungin at 50 mg daily, that accumulation of caspofungin increases with age, and that the increase in C 1 observed in infants/toddlers relative to adults is unlikely to be clinically meaningful. Although there may be less need for a loading dose in infants/toddlers relative to adults, a loading dose is recommended in this age group because the AUC and trough concentrations were lower on day 1 than on day 4 in this study.
The shorter apparent terminal t 1/2 of caspofungin in infants/ toddlers than in adults may be due to increased plasma clearance, decreased distributional volume, or both in infants/toddlers. A reduction in the terminal t 1/2 was also noted in children (aged 2 to 11 years) compared to adults (23) . The mechanism(s) for possible changes in plasma clearance with age is unknown. In vitro data suggest that caspofungin tissue distribution may be mediated by uptake transporters; in fact, data suggest that the OATP1B1 transporter may be involved in the hepatic uptake of caspofungin (16) . Expression levels of the uptake transporter(s) for which caspofungin is a substrate could change throughout the course of developmental maturity. Differences in physiological factors, such as relative blood flow rates and organ sizes, could also contribute to differences in caspofungin clearance with age. Reduced distributional volume could result from alterations in plasma protein binding in infants relative to adults and adolescents.
Overall, caspofungin was generally well tolerated in this study. Although the majority of patients had one or more clinical adverse events, none were considered drug related or led to discontinuation of caspofungin. In addition, none of the patients in this study had an infusion-related event. Three patients had laboratory adverse events that were considered drug related, but none were serious or required discontinuation of caspofungin. The overall safety profile for caspofungin in this study is consistent with that observed in other pediatric studies (13, 15, 23, 24) and in adult studies. However, only nine infants were enrolled in this study, and none were less than 10 months of age; thus, any conclusions to be drawn regarding the safety of caspofungin in this age group are somewhat limited.
The preliminary results of this study allowed three patients under 24 months of age to be enrolled in a separate study of the efficacy and safety of caspofungin in pediatric patients with documented fungal infections (24) . All three patients (ages 6, 12, and 13 months) had a favorable overall response to caspofungin at 50 mg/m 2 daily for treatment of candidemia. None of the patients developed a serious drug-related adverse event or had caspofungin therapy discontinued for toxicity reasons. Additional clinical studies are ongoing or in the preparatory stages to further evaluate the 50-mg/m 2 once-daily maintenance regimen of caspofungin in older infants and toddlers.
In summary, caspofungin pharmacokinetics observed in infants and toddlers were similar to those observed previously in children 2 to 11 years of age receiving the same dosing regimen (50 mg/m 2 daily) and were generally comparable to those in adults receiving caspofungin at 50 mg daily. These results confirm the use of BSA-based dosing as an appropriate method for this age group. The results of this study also suggest that caspofungin is generally well tolerated in infants and toddlers.
